The thermal properties, glass forming ability (GFA) and mechanical properties of a series of Ti 40 Zr 10 Cu 40Àx Pd 10 Si x (x ¼ 0, 1, 2) bulk glassy alloys were examined by differential scanning calorimetry (DSC), differential thermal analysis (DTA), X-ray diffractometry (XRD) and compression test. The bulk glassy alloys are expected to be used as biomedical materials because of the absence of toxic elements such as Ni, Al and Be. The glass-forming ability and thermal stability of the Ti-Zr-Cu-Pd alloy can be improved by a small amount of Si addition. The critical diameters for glass formation are 5 mm for
Introduction
Bulk glassy alloys exhibit high mechanical strength and good corrosion resistance which enable ones to use as structural and functional materials. [1] [2] [3] [4] Since bulk glassy alloys were discovered in 1990's, 1) many metallic alloy systems were developed, which can be cast into the bulk glassy alloys, such as Zr-, Pd-, Cu-, Ti, Fe-, La-, Mg-, and Nibased. 5) Ti-based bulk glassy alloys are expected to be applied as biomaterials because of their excellent corrosion resistance, good biocompatibility, low Young's modulus and high recovery of strain (>2%). Some of works have been made for Ti-based bulk glassy alloys, such as Ti-Ni-Cu, 6) Ti-Ni-Cu-Co, 7) Ti-Cu-Ni-Sn, 8) Ti-Zr-Cu-Ni 9) and others Ti-based alloys system with Be. 10) However, the toxic elements in the alloys, such as Ni, Al and Be, are not suitable for application as biomaterials. Recently, we developed a new Ti-Zr-Cu-Pd bulk glassy alloy with a potential for biomedical applications due to the absence of toxic elements.
11) Alloys with a high GFA often show a large supercooled liquid (SCL) region, ÁT x , which is defined by temperature range between the glass transition temperature T g and onset temperature of crystallization T x . A large SCL region indicates high thermal stability of the glassy alloy and is in favor of secondary working by viscous flow deformation. Some of papers have reported the effect of Si on the Tibased bulk glassy alloys, such as Ti-Zr-Hf-Cu-Ni-Si, 12) TiZr-Cu-Ni-Si, 13) Ti-Ni-Cu-B-Sn-Si.
14) The addition of a small amount of Si can improve the GFA and thermal stability. In the present paper, we explored the effect of Si on the thermal stability and crystallization behavior of the TiZr-Cu-Pd bulk glassy alloy.
Experimental
Ingots of a series of Ti 40 Zr 10 Cu 40Àx Pd 10 Si x (x ¼ 0, 1, 2) alloys were prepared by arc-melting the pure elements with purities above 99.9% in an argon atmosphere. The alloy composition represents the nominal atomic percentage of the mixture. The ribbons and cylindrical rods with different diameters were prepared by melt spinning and copper mold casting, respectively. Glassy structure was examined by Xray diffraction (XRD). Thermodynamic parameters were detected by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s and differential thermal analysis (DTA) at a heating rate of 0.33 K/s. Compression tests were carried out using an Instron testing machine at room temperature. The Young's moduli were measured using a strain-gauge meter. The foil strain gauges for low temperature use were pasted on a side face of compressive specimens. The gauge dimensions of specimens were 2.5 mm in diameter and 5 mm in height and the strain rate was of 5 Â 10 À4 s À1 . Fracture surface was examined by scanning electron microscopy (SEM). Figure 1 shows the DSC curves of melt-spun Ti 40 Zr 10 -Cu 40Àx Pd 10 Si x (x ¼ 0, 1, 2) alloys ribbon at a heating rate of 0.67 K/s. It is found that these alloys have three exothermic events due to a multi-stage crystallization. Moreover, clear glass transition behaviors are observed in the temperature range before crystallizations. Figure 2 shows the DTA curves obtained during continuous heating with a heating rate of 0.33 K/s for various master alloys. The glass transition temperature (T g ), onset temperature of crystallization (T x ), onset melting temperature (T m ), liquidus temperature (T l ) and other deduced characteristic thermodynamic parameters are summarized in Table 1 . The T g and T x shift to higher temperature with increasing Si content. The T m and T l increase slightly with increasing Si content. Several parameters have been used to evaluate the GFA of glassy alloys. The reduced glass transition temperature (T rg ) defined as the ratio of T g to T l has been successfully used to evaluate the GFA of various glassy alloys. The supercooled liquid (SCL) region, defined as the temperature interval ÁT x ¼ T x À T g , was also regarded as a useful parameter of GFA.
Results and Discussions
15) The other GFA parameter ¼ T x T g þT l was recently proposed to predict the GFA for various glassy alloy systems. 16) More recently, a new parameter ¼
ation and growth theory, was used to evaluate the GFA of a glassy alloy. 17) In the present study, T rg , ÁT x , and were also listed in Table 1 . It is worthy to notice that the value of T rg has a significant increase and a large supercooled liquid region of 65 K is obtained for x ¼ 2 (Ti 40 Zr 10 Cu 38 Pd 10 Si 2 alloy). Figure 3 shows the XRD patterns of as-cast Ti 40 -Zr 10 Cu 40Àx Pd 10 Si x (x ¼ 0, 1, 2) rods with the largest diameters for glass formation. The patterns exhibit only halo diffractions and no Bragg peaks corresponding to a crystalline phase are observed. It implies that the glass-forming ability and thermal stability are modified with the addition of small amounts of Si.
There are two kinds of effects for Si on the glass-forming ability (GFA). Firstly, the Si is the main solute component, such as Pd-Si-Cu system. 18 Alloys There is no clear and detail interpretation for the effect of minor amount Si addition on GFA now. The GFA of bulk glassy alloys is related to two aspects: (1) liquid phase stability and (2) kinetics of forming competing crystalline phase. 22) According to this viewpoint, either increasing the liquid phase stability or suppressing crystalline phase formation can increase the GFA. The addition of Si might help to destabilize some clusters present in the melt, which contain some impurities, such as oxide or carbon, and be favorable to form competing crystallization phase. 21) Si has a small atomic radius of less than 0.12 nm, which would be in favor of large atomic size mismatches and significant disorder in structural topology; consequently, supports the formation of glassy structure during solidification. The minor amount of Si may facilitate the formation of a new local atomic structure, which is favorable to stabilize the supercooled liquid. 23) However, the mechanism of the change on local atomic structure owing to a minor amount of Si addition is still unclear. Figure 4 shows compressive stress-strain curves of Ti 40 -Zr 10 Cu 40Àx Pd 10 Si x (x ¼ 0, 1, 2) bulk glassy alloys. For x ¼ 0, 1 and 2, they exhibit high maximum strengths of 2012 MPa, 1975 MPa and 1935 MPa, and low Young's moduli of 85 GPa, 81 GPa and 80 GPa, respectively. A small serrated plastic deformation can be seen after yielding for the alloy without Si addition, indicating that the cast alloy possesses certain ductility. However, the plastic deformation disappears for the case of Si addition. Fractographic observations were carried out to examine the fracture mode of the new TiZr-Cu-Pd-Si bulk glassy alloys by SEM. The SEM images of fracture surface are shown in Fig. 5 . All the fractures take place along the maximum shear stress plane, which is declined by about 45-degrees to the direction of applied compressive load. The fracture surfaces exhibit smooth and well developed vein patterns.
Conclusions
The glass-forming ability and thermal stability of the TiZr-Cu-Pd alloy were improved by a small amount of Si addition. The critical diameter for glass formation was 5 
